The effects of acute moderate hyperglycemia on local cerebral pH (LCpH) and local cerebral blood flow (LCBF) were studied in rats infused with glucose before middle cerebral artery (MCA) occlusion, and com pared with findings in MCA occlusion alone. The effects of nimodipine infusion on LCBF and LCpH in MCA occluded hyperglycemic rats were also studied. LCpH and LCBF were determined simultaneously by a double label autoradiographic technique. Hyperglycemia was in duced by an intraperitoneal injection of 2 g/kg D-glucose before MCA occlusion. Nimodipine-treated rats received the drug as an intravenous infusion of 0.5 IJ-g/kg/min start ing 15 min after occlusion, and ending at decapitation 4 h postocclusion. Cortical LCpH of five structures in the MCA territory of hyperglycemic rats varied between 6.64 ± 0.04 and 6.72 ± 0.02 (means ± SEM). These values Among the factors that worsen the outcome of transient cerebral ischemia, hyperglycemia has re ceived considerable attention in recent years. My ers and Yamaguchi (1977) noted that animals made hyperglycemic before global cerebral ischemia had greater neurologic deficits and had more severe neuropathologic abnormalities. The results of My ers and collaborators were confirmed and extended in subsequent experiments (Ginsberg et aI., 1980; Welsh et aI., 1980; Rehncrona et aI., 1980 Rehncrona et aI., , 1981 Kalimo et aI., 1981), which also showed that pre ischemic hyperglycemia impaired postischemic ce-Abbreviations used: DMO, dimethyloxazolidinedione; DMOp, DMO level in plasma; DMO" tissue concentration of DMO; lAP, iodoantipyrine; i.p., intraperitoneal; LCBF, local cerebral blood flow; LCpH, local cerebral pH; MCA, middle cerebral artery; pHp, plasma pH; pH" tissue pH.
Summary:
The effects of acute moderate hyperglycemia on local cerebral pH (LCpH) and local cerebral blood flow (LCBF) were studied in rats infused with glucose before middle cerebral artery (MCA) occlusion, and com pared with findings in MCA occlusion alone. The effects of nimodipine infusion on LCBF and LCpH in MCA occluded hyperglycemic rats were also studied. LCpH and LCBF were determined simultaneously by a double label autoradiographic technique. Hyperglycemia was in duced by an intraperitoneal injection of 2 g/kg D-glucose before MCA occlusion. Nimodipine-treated rats received the drug as an intravenous infusion of 0.5 IJ-g/kg/min start ing 15 min after occlusion, and ending at decapitation 4 h postocclusion. Cortical LCpH of five structures in the MCA territory of hyperglycemic rats varied between 6.64 ± 0.04 and 6.72 ± 0.02 (means ± SEM). These values Among the factors that worsen the outcome of transient cerebral ischemia, hyperglycemia has re ceived considerable attention in recent years. My ers and Yamaguchi (1977) noted that animals made hyperglycemic before global cerebral ischemia had greater neurologic deficits and had more severe neuropathologic abnormalities. The results of My ers and collaborators were confirmed and extended in subsequent experiments (Ginsberg et aI., 1980; Welsh et aI., 1980; Rehncrona et aI., 1980 Rehncrona et aI., , 1981 Kalimo et aI., 1981) , which also showed that pre ischemic hyperglycemia impaired postischemic ce-were significantly lower than LCpH in the same ischemic structures in the control rats, which varied between 6.76 ± 0.04 and 6.82 ± 0.03 (p < 0.05 for four of five struc tures). Cortical LCpH of hyperglycemic nimodipine treated rats ranged between 6.94 ± 0.02 and 7.05 ± 0.02, indicating significant elevations in LCpH (p < 0.001) compared with the untreated ischemic hyperglycemic an imals. LCBF in the ischemic structures was not modified by hyperglycemia or nimodipine treatment. This suggests that nimodipine, by mechanisms other than improvement in blood flow, can prevent the enhanced cerebral tissue acidosis produced by hyperglycemia before incomplete focal ischemia. Key Words: Calcium channel blockers Nimodipine-Hyperglycemia-Cerebral acidosis-Focal cerebral ischemia-Cerebral blood flow.
rebral perfusion and recovery of brain levels of ATP and phosphocreatine and led to greater tissue accu mulation of lactic acid. These studies suggested that this was particularly true in incomplete cerebral ischemia where continued substrate delivery re sulted in cerebral acidosis and tissue damage that were more severe than in complete ischemia.
These results, obtained with experimental models of global cerebral ischemia, were confirmed also in the setting of focal cerebral ischemia. Marsh and co-workers (1986) using a middle cerebral artery (MeA) occlusion model, measured cerebral tissue perfusion and pH in monkeys infused with glucose 15 min after MeA occlusion. Brain pH declined to levels significantly lower than in saline infused monkeys. Nedergaard (1987) found that hypergly cemia increased brain damage during transient MeA occlusion by conversion of selective neuronal injury into cerebral infarction. The association of hyperglycemic ischemia with more severe cerebral edema has been shown (Warner et aI., 1987; Berger and Hakim, 1986) but the effect of focal, as opposed to global, short-duration high-lactate ischemia on mitochondrial energy function may be moderate, al lowing its recovery in the postischemic phase (Hill ered et aI., 1985) .
Beneficial effects of calcium channel blockers on metabolic, histologic, and clinical outcome after cerebral ischemia in animal and human studies have been reported (Bielenberg et aI., 1987a (Bielenberg et aI., , 1987b Hef fez and Passonneau, 1985; Steen et aI., 1985; Gelm ers et aI., 1988) . The mechanisms by which nimo dipine influences the outcome from cerebral ischemia are not well understood, but increased cerebral blood flow, decreased cellular Ca2 + entry and prevention of cellular acidosis have all been suggested as likely fac tors. Using a double-label autoradiographic technique we measured local cerebral blood flow (LCBF) and local cerebral pH (LCpH) simultaneously 4 h after onset of focal cerebral ischemia in rats subjected to diff erent therapeutic modalities. We wished to ad dress two specific questions: (a) What effects does preischemic hyperglycemia have on cerebral pH and blood flow 4 h after MCA occlusion in the rat; and (b) Does nimodipine, a calcium channel blocker, normal ize cerebral pH of ischemic tissue subjected to hyper glycemia?
MATERIALS AND METHODS
Male Sprague-Dawley rats, weighing -250 g, were fed a regular laboratory diet (Ralston Purina Inc., Richmond, VA, U.S.A.) but were fasted overnight before the exper iment. On the day of the experiment, each rat was anes thetized with 1.5% halothane and polyethylene catheters were placed in one femoral artery and both femoral veins. The left MCA was then occluded using the method of Tamura et al. (198 1) . The entire procedure usually re quired 75 min. Completeness of the occlusion was veri fied intraoperatively by lack of passage of 0.5 ml Evans blue injected intravenously.
Animals were divided into 3 experimental groups: Group 1 (hyperglycemia, n = 7) was given an intraperi toneal (i.p.) injection of 1 ml of 2.8 M D-glucose (J.T. Baker Chemical Co., Phillipsburg, NJ, U.S.A.) to deliver -2 g/kg D-glucose. The injection was given 1 h prior to MCA occlusion. Baseline (preglucose injection) and hourly plasma glucose determinations were obtained in all treatment groups. This dose of i.p. D-glucose was found to elevate plasma glucose levels consistently to 16-22 mmoUL. Group 2 (nimodipine and hyperglycemia, n = 7) was given the same D-glucose injection as group 1 but in addition received nimodipine solution (Miles Canada Inc., Rexdale, Ont., Canada), 67 /log/ml of carrier, that was composed of 200 g 96% ethanol, 170 g polyethylene glycol 400, 2 g sodium citrate, and 0.5 g citric acid. The nimodipine infusion was calculated to deliver 0.5 /log/kg/min. The volumetric rate of infusion was -2 /loUmin. The syringe and catheter were covered com pletely by aluminum foil to counteract sensitivity of ni modipine to light. The infusion was started 15 min after MCA occlusion and continued until decapitation 4 h post occlusion. Group 3 (control, n = 6) was not infused with glucose or any drug. All animals were killed by decapita tion 4 h after MCA occlusion. A nimodipine "carrier" group was not included because previous experiments had shown that LCpH and LCBF in nimodipine carrier treated animals were statistically indistinguishable from controls (Hakim, 1986) .
Autoradiographic measurement of LCpH and LCBF
The method for the simultaneous measurement of LCpH and LCBF has been published previously (Hakim and Arrieta, 1986) .
Briefly, once the MCA occlusion was completed and the wound closed, exposure to anesthetic was stopped and the rat was immobilized by a plaster cast below the waist. Three hours after the occlusion, 85 /loCi of [14C]dimethyloxazolidinedione ([14C]DMO) was injected intravenously (specific activity 55 mCi/mmol; Amersham Corp., Oakville, Ontario, Canada) dissolved in saline at 100 /loCi/ml. After [14C]DMO injection, arterial blood gases were taken at 30, 45, and 55 min and blood samples for measurement of [14C]DMO concentration were drawn at 30, 55, 56, and 60 min. Other physiological measure ments including hematocrit, blood pressure, and temper ature were repeated on two occasions during the study. At 60 min after [14C]DMO injection, 30 /loCi of [14C]iodoantipyrine ([14C]lAP) (specific activity 1.47 mCi/ mmol; Amersham) was injected intravenously in 1.8 ml of saline. The injection program and the collection of sam ples conformed to the method of Sakurada et al. (1978) . The animal was decapitated 1 min later; the brain was removed and immediately frozen in 2-methylbutane (Anachemia Canada Inc., Montreal, Quebec, Canada) chilled to -55°C with liquid nitrogen, mounted, coated with embedding matrix, and sectioned coronally into con secutive 20-/lom sections using a cryostat at -22°C (American Optical Co., Buffalo, NY, U.S.A.). Approxi mately 80 sections distributed across the brain were col lected on glass coverslips, dried at room temperature, and subsequently exposed to x-ray film (Kodak SB-5, Rochester, NY, U.S.A.) for 3 days. For each section taken for autoradiography, an adjacent section was sub mitted for histological examination (see below). Cali brated [14C]methylmethacrylate standards were included in every autoradiograph (New England Nuclear, Boston, MA, U.S.A.). After the first exposure, which yielded the first film containing both [14C]DMO and [14C]IAP, the brain sections were left exposed to air in the fume hood (temperature 21°C, air flow 83 m3/min) for 10 days. This resulted in total sublimation of [14C]DMO. There was no loss of [14C]DMO while the brain sections were being exposed to the first film (Hakim and Arrieta, 1986) . The sections were then reexposed as above for an additional 3 days, resulting in a second film showing only [14C]IAP. Autoradiographic concentration of [14C]DMO was then calculated by subtraction. Densitometric measurements were made with a photo volt densitometer (model 52; Photovolt Co., New York, NY, U.S.A.) equipped with a O.I-mm aperture. Each structure was identified by com paring its location with that in the atlas of Konig and Klippel (1963) and another provided by Dr. L. Sokoloff. Once identified, the structure was read at least once on at least five different sections. The same brain sections were used to read any one structure in both films. Control au toradiographic sections obtained from animals receiving similar quantities of only P4C]DMO or rt4C]IAP were included with every experiment to monitor total loss of [14C]DMO and absence of any effect on levels of [14C]lAP. (1978) .
Calculations of LCpH and LCBF

Histological studies
The brain sections were collected on glass coverslips, and then soaked for at least I h in a fresh solution made up of 0.4 M sodium cacodylate (25 ml), 50% glutaralde hyde (4 mI), and distilled water (70 ml). They were then transferred into cacodylate buffer until staining with cre syl violet. These stained sections showed regions of de creased dye uptake, which on histological examination demonstrated morphological changes consistent with com pleted infarction including hyperchromatic cytoplasmic clumping in addition to irregular nuclear and cytoplasmic membranes. For each experiment, the brain section with the largest area of decreased staining was chosen visually for quantitation. Cortical as well as caudate-putamen re gions were usually involved. A photographic print was then produced and digitized (Digiplan; Zeiss Inc., Oberkochen, W. Germany). The area of infarction was then compared with the cross-sectional area of the entire brain section. This method has been used previously in our studies (Hakim, 1986) .
Statistical analysis
The pH and perfusion for each structure were submit ted to a one-way analysis of variance in both the side of occlusion and in the contralateral hemisphere. This was done for LCpH and LCBF in the hyperglycemia, nimo dipine hyperglycemia, and control groups. Student's t test was used to determine the statistical significance of the difference between the groups' means. All values are expressed as means ± SEM.
RESULTS
Physiological parameters
The mean venous glucose levels, arterial blood gases, hematocrit, and body temperature in each of the groups of rats are shown in Table 1 . There were no significant differences in any of these functions among the three groups of rats, except as expected for the plasma glucose levels, which were increased to a comparable extent in both hyperglycemic groups.
Cerebral pH Table 2 shows LCpH in several structures in the hemisphere contralateral to and on the side of MCA Local cerebral pH (LCpH) values in the occluded and nonoccluded hemispheres expressed as means ± SEM for various treatment groups. All groups of animals, including control, were subjected to a left middle cerebral artery occlusion. Structures indicated by an a are those in the hyperglycemic group showing significantly lower LCpH than in the con trol group (p < 0.05). Structures indicated by a b in the nimodipine hyperglycemia group are those showing significantly higher LCpH than in the hyperglycemic group at p < 0.001. occlusion in three groups of rats: control, hyper glycemic, and hyperglycemic-nimodipine treated. In the cortical structures indicated by an "a" the pH on the side of occlusion in the hyperglycemic group was significantly lower than in the control group (p < 0.05). All cortical structures in the isch emic hemisphere in the nimodipine-hyperglycemia group had pH values significantly higher than those in the hyperglycemic group (p < 0.001) and are in dicated by a "b". CBF Table 3 shows LCBF in structures in the ischemic and contralateral hemispheres in the same groups as in Table 2 . Cortical structures that showed acidosis in the control and hyperglycemic groups but nor malized pH in the nimodipine-hyperglycemic group had indistinguishable LCBF values in these two set tings. There was, therefore, no improvement in LCBF in response to nimodipine despite a signifi cant rise in LCpH. Hyperglycemia did not change LCBF values significantly compared with controls. Local cerebral blood flow (LCBF, means ± SEM) in the controls and treatment groups on both the occluded and nonoccluded sides. LCBF values for middle cerebral artery territory ischemic structures were indis tinguishable among the three groups of animals.
Histological changes
The mean cross-sectional areas of cortical infarc tion, quantitated in each experiment from the cere bral section showing the maximal involvement, were calculated as a percentage of the total area of section. The results for the different groups were as follows: no treatment 12.0 ± 2.2% (n = 6), hyper glycemia 10.8 ± 2.4% (n = 7), and nimodipine hyperglycemia 7.3 ± 1.1% (n = 7). The differences among these measurements were not statistically significant, but a trend toward a smaller infarct size was observed in the nimodipine-treated group (p = 0.07).
DISCUSSION
This study reports regional CBF and cerebral pH in rats with MCA that in addition were either ren dered hyperglycemic to accentuate the acidosis or treated as well with nimodipine, a calcium channel blocker. These studies aimed at testing the hypoth esis that nimodipine would prevent the develop ment of cerebral acidosis in ischemia even when the drop in pH was worsened by the hyperglycemic state. The method we used allows the simultaneous measurement of LCBF and LCpH in rat brain by exploiting the sublimation of e4C]DMO, the pH marker, to produce two auto radiographs from the same rat: one containing both e4C]DMO and e4C]IAP and one containing the latter only (Hakim and Arrieta, 1986) . This method allows measure ment of regional pH, i.e., a mean pH value for the entire cerebral structure outlined by densitometry, the resulting pH value being an average of intracel lular and extracellular pH. The effect of varying the size of the extracellular space on this pH determi nation has been reported (Kobatake et aI., 1984) .
The present study shows that in the ischemic hemisphere CBF is not significantly influenced by the hyperglycemia or the additional administration of nimodipine. This absence of an effect of hyper glycemia on CBF may be influenced by the large variability seen here in the CBF data, but our con clusion is nonetheless in agreement with the pub lished data of Marsh and colleagues (1986) and Iba yashi et a1. (1986) . Some investigators have sug gested that CBF is lower in the settin � of hyperglycemia with (Nakai et aI., 1988) and without (Duckrow et aI., 1987) ischemia.
Our data also do not support a vasodilator role for nimodipine in ischemia, a conclusion reached by other investigators as well (Gotoh et aI., 1986) . De pending on the model of ischemia used and the du ration after ischemia at which the measurements were made, reports of a moderate increase in isch-emic CBF with nimodipine can be found (Kazda et aI., 1979; Steen et aI., 1983; McCalden et aI., 1984) .
The accentuation in pH we report when ischemia is associated with hyperglycemia is statistically sig nificant but small. Our pH data, representing means of all pH compartments in anatomically defined ce rebral structures, are comparable to other studies reporting similarly measured pH data where hyper glycemia is seen to affect pH by �0.15 U (Nakai et aI., 1988) . Studies reporting intracellular measure ments usually show a more pronounced effect of hyperglycemia since pH drops by a further 0.3-0.4 U (Hillered et aI., 1985; Marsh et aI., 1986; Smith et aI., 1986) . A more accurate assessment of how pH is affected by the experimental conditions may be obtained by pixel-based frequency analysis of the pH data rather than by regional means only.
We have recently shown that calcium channel blockers normalize cerebral pH after MCA occlu sion (Hakim, 1986) . Our present data show that ni modipine also corrects the more severely acidotic cerebral pH of hyperglycemic animals in all isch emic structures without an associated increase in blood flow. This may be explained by decreased production of lactic acid or improved ability of the cells to discharge their proton load. Previous work has shown that normalization of LCpH after isch emia depends mainly on cellular metabolism of lac tate because capillary permeability of ions is very low (Rehncrona et aI., 1980; Hansen et aI., 1977; Ljunggren et aI., 1974) . In addition to lactic acido sis, intracellular Ca2 + accumulation has been emerging as an important factor in the pathophysi ology of ischemic cell death (Harris and Symon, 1981; Siemkowicz and Hansen, 1981; Siesjo and Wieloch, 1985; Rappoport et aI., 1987) . It has re cently been demonstrated that calcium accumulates before cell necrosis occurs, implying that loss of calcium homeostasis is an early event and not an epiphenomenon of cell injury (Deshpande et aI., 1987) . Dihydropyridine calcium channel antagonists can inhibit Ca2+ influx into neurons during depo larization-induced Ca2 + uptake (Thayer et aI., 1986) . Some cellular mechanisms for the mobiliza tion of Ca2+ and H+ may overlap. A voltage dependent sodium-calcium exchanger exports one Ca2 + for three Na + across the membrane (Carafoli and Penniston, 1985) and a Na + -H+ exchanger de pendent on cytoplasmic pH also exists (Grinstein et aI., 1985) . Blocking the intracellular movement of calcium may allow the cell to devote its energy to H+ export. It may also preserve mitochondrial function and allow oxidative metabolism to con tinue, thus contributing to lowering the production and enhancing the oxidation of lactic acid. In this J Cereb Blood Flow Metab, Vol. 9, No.1, 1989 regard, Bielenberg and colleagues (1987b) recently reported that emopamil, a calcium channel blocker, increased degradation of lactate in the postisch emic, isolated perfused rat brain preparation. Pre served oxidative function would also allow better restoration of A TP levels as shown by Heffez and Passonneau (1985) , colleagues (1987a and 1987b) (Asplund et aI., 1980; Pulsinelli et aI., 1983; Berger and Hakim, 1986) . Thus, calcium channel blockers could be of particular therapeutic value in limiting the severity of stroke in this group of pa tients.
The effect of nimodipine on the histopathological consequences of cerebral ischemia is still unclear.
Some studies employing diffuse cerebral ischemia found improved histopathological effects with ni modipine (Steen et aI., 1985) but others (Vibulsresth et aI., 1987) Our own data do not show any significant reduc tion in infarct size with nimodipine but this could be due to an insufficient period for the manifestation of pathological changes. Nedergaard and Diemer (1987) have recently shown the dynamic nature of the extent of ischemic pathological alterations in MCA occlusion in the rat. Similarly, Sauter and Ru din (1986) showed by magnetic resonance imaging and histological study that infarct size peaked 48 h after MCA occlusion and that treatment with cal cium channel blockers resulted in a reduced infarct size at that time. It would therefore appear war-ranted to study the extent of histological damage over longer periods than we have used in the present study. The design of our experiment, how ever, aimed more at the metabolic and perfusion consequences of MCA occlusion, requiring killing relatively early in the course of infarction.
In summary, our results show that nimodipine can prevent the enhanced cerebral acidosis in the hyperglycemic MCA-occluded rat. This metabolic improvement did not translate into observable his tologic benefits at 4 h after onset of ischemia. Nei ther hyperglycemia nor nimodipine treatment ap peared to significantly affect tissue perfusion in our model.
